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with partial sequences of the secA gene to clarify the taxonomic classification of 16SrXI and 28 16SrXIV phytoplasmas. Based on this data, the sugarcane whiteleaf and grassy shoot 29 phytoplasmas appear to be the same phytoplasma. The napier grass stunt phytoplasma forms 30 a distinct group from the Bermuda grass whiteleaf and sugarcane phytoplasmas, suggesting 31 that napier grass stunt should be in its own 'Candidatus Phytoplasma species'. The 32 phytoplasmas associated with coconut and arecanut in southern India and Sri Lanka, which 33 are in the same 16SrXI group, appear in different groups based on secA analysis. re-structuring (Martens et al. 2008; Schoch et al. 2006) , with each gene providing different 51 levels of evolutionary information (Gürtler and Mayall 2001 were also included in these studies. Table 1 summarizes the origins of samples used for the 153 phylogenetic analysis in this study. alternative set of universal primers that could be used for improved phylogenetic analyses, 182 genes from the recently sequenced 16SrXI napier grass stunt genome (Praphat Kawicha, 183 unpublished) that were also present in the already sequenced 16SrI, 16SrX and 16SrXII 184 genomes (Bai et al. 2006; Kube et al. 2008; Oshima et al. 2004; Tran-Nguyen et al. 2008 ) 185 were selected, because the 16SrXI group is in a phylogenetically distinct cluster from the 186 other phytoplasmas and therefore likely to show the most significant sequence variation. 187 Therefore if sequences could be found from which it was possible to design primers that were 188 common between these very diverse phylogenetic groups, it is possible that such primers 189 would also work on all the other as yet unsequenced phylogenetic groups. Such potential 190 primers were then analyzed against the Acholeplasma laidlawii genome sequence to rule out 191 any that might not be specific to just the phytoplasmas. Based on this approach, the primers 192 for the leuS gene were developed (leufor1 plus leurev1 in the first round and leufor2 plus 193 leurev2 in the second round; Table 2 ) and initially validated on fourteen diverse phytoplasma 194 samples belonging to seven different phylogenetic groups, along with a healthy periwinkle 195 plant sample as control. These primers were found to work as nested PCR primers using the 196 same conditions as for the secA gene, and amplified a sequence of approximately 1,120 bp. 197 They were subsequently used on a range of phytoplasma DNA and plant samples held in the 198 phytoplasma collection at the University of Nottingham, to produce the sequences used in the 199 phylogenetic analysis in this study (Table 1) . All PCR was performed with 'Ready-to-Go' PCR beads (GE Healthcare, 201 Buckinghamshire, UK) in 25 µl reactions containing 0.5 µl of each of the appropriate forward 202 and reverse primers (10 nM/µl), 1 µl template DNA and 23 µl sterile distilled water (SDW). 203 Aliquots of 5 µl of each final reaction mixture were resolved by 1 % agarose gels using TBE 204 (90 mM Tris-borate, 2 mM EDTA) as the running buffer. Gels were stained in ethidium 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 revealed that two major symptom types were prevalent -total chlorosis, slender leaves in a 228 whorl of green leaves without grassy appearance (SCWL) ( Fig. 1a ) and profusely proliferated 229 grassy shoots with white or pale yellow leaves (SCGS) (Fig. 1b) . These two types of disease 230 were equally distributed in all the examined locations regardless of cultivars.
231
For the coconut (WCLWD), unusual yellowing of younger fronds of palms was 232 observed mainly in the southern part of Sri Lanka. The intense yellowing of lower whorls of 233 fronds and occasional yellowing of mid whorls of fronds was also observed ( Fig. 1c ) along 234 with flattening and downward bending of leaflets giving a flaccid appearance ( Fig. 1d 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 products, but 60% of the symptomless palms from the same area (20 samples) also gave PCR 251 products with these primers. For the areca palm (10 samples tested) and Bermuda grass 252 whiteleaf (10 samples tested), all the symptomatic samples gave PCR products with the 253 rRNA primers; however, as noted below, sequencing showed that not all of the PCR products 254 obtained were phytoplasma DNA, so positive PCR results with the 16S rRNA primers alone 255 should be treated with caution. It was also noted that the WCLWD phytoplasma DNA 256 appeared to be unstable, in that DNA had to be extracted and amplified within one week of 257 sampling to obtain positive results; when these DNA extracts were subsequently stored at -258 20 o C, they lost the capacity for phytoplasma DNA amplification.
259
The sequences of representative phytoplasmas from diseased sugarcane in Sri Lanka 260 and Vietnam were determined (at least five separate samples were sequenced from the Sri 261 Lankan sampling for each disease symptom, location and sampling period, and all sequences 262 were found to be identical to the reference sequences shown in Table 1 ). Sequence 263 alignments ( Fig. 2 ) revealed that the sugarcane samples, which were collected from different 264 areas and at different times, showed >99% sequence identity in their 16S rRNA to each other, 265 despite producing significantly different symptoms. BLAST searches for the 16S rRNA 266 sequences reported in this paper, Sri Lankan SCWL (Accession No. JF754438), Sri Lankan 267 SCGS (JF754440), and Vietnamese SCGS (JF754442) indicated >99% sequence identity 268 with previously published sequences for SCWL from Thailand (e.g. FM208258), SCGS from 269 India (e.g. AM261831), SCWL from India (AB052874) and Kerala coconut root wilt 270 phytoplasma from India (GQ850122 and JX273772), arecanut yellow leaf disease from India 271 (JN967909) and WCLWD from Sri Lanka (EU635503). This confirmed that the 272 phytoplasmas associated with sugarcane in Sri Lanka belong to a group most closely aligned 273 to the RYD 16SrXI group of 'Candidatus Phytoplasma oryzae' based on the 16S rRNA. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 including apparently healthy palms, and from the areca palms in Sri Lanka, had highest 281 similarity (89% identity) to an uncultured bacterium from grassland soil (JF754456).
282
The Bermuda grass whiteleaf 16S rRNA sequencing from this study (JF754443) 283 showed that these phytoplasmas group with previously sequenced Bermuda grass and 284 Brachiaria grass samples from around the world (Fig. 2) , forming a distinct group from the 285 sugarcane and coconut phytoplasmas, the 'Ca. Phytoplasma cynodontis' group. The napier 286 grass stunt phytoplasma, which has been designated as a 16SrXI phytoplasma, is distinct 287 from both the sugarcane and Bermuda grass groups (Fig. 2) . constructed by the neighbour-joining method with 1,000 bootstrap replications, is presented 300 in Figure 3 . The multiple alignments revealed that these phytoplasmas from sugarcane were 301 identical. All the SCWL and SCGS formed a strong phylogenetic subcluster judged by 302 branch length and bootstrap values of 100%. Furthermore, all the 16SrXIV BGWL 303 phytoplasmas grouped together and were separate from SCGS and SCWL with a bootstrap 304 value of 99%, whilst the 16SrXI NGS (EU168750) formed its own lineage separate from the 305 sugarcane and BGWL phytoplasmas. The analysis of sequences that were generated by the 306 secA nested primers provided an interesting result for the Sri Lankan WCLWD and AYLD 307 samples, placing them in the BGWL cluster, even though the 16S rRNA sequences had put 308 WCLWD in the sugarcane group. This is distinct from the results obtained for the Kerala wilt 309 and arecanut phytoplasmas from India, which were found to group with sugarcane samples 310 based on both 16S rRNA and secA sequencing. Unfortunately no DNA sample of the 16SrXI-
311
A rice yellow dwarf 'Ca. Phytoplasma oryzae' type member was available for this study, so 312 no secA sequence of this type strain could be used in this analysis. in PCR than the 16S rRNA primers, they only amplify a relatively short region of DNA.
316
Attempts were therefore made to develop a further set of universal primers that would 317 amplify a longer region of DNA and potentially give additional phylogenetic information.
318
Based on sequence analysis, a set of nested primers were designed that worked on all the 319 phylogenetic groups tested and amplified a region of around 1,120 bp from part of the leuS 320 gene. Interestingly, this sequence doesn't just show point mutations between different 321 phytoplasma isolates, but also some variation in the lengths of the region amplified, as shown 322 in the amino acid sequence alignments ( Supplementary Figures S1-4 ). This is particularly the 323 case for the phytoplasmas of the gramineous plants, where there is a 5 amino acid insertion 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 types of symptom are in fact caused by the same phytoplasma, a finding that has been 362 confirmed in this current study, based on analysis of the additional secA and leuS sequences.
363
The findings of the sequence identity between the SCGS and SCWL phytoplasmas 364 based on secA and leuS led to a re-examination of the previous data that had suggested these 365 phytoplasmas belonged to separate groups. In the analysis by Wongkaew et al. (1997) , RFLP 366 differences were described in the 16S rRNA sequence between SCGS and SCWL, although 367 no 16S rRNA sequences for these isolates were deposited in GenBank. Two sequences were 368 presented in the paper for the 16S-23S region (also not deposited at GenBank), which showed 369 5 nucleotide differences between the SCGS and SCWL sequences. However, if these two 370 sequences are BLAST searched against sequences that have been deposited at NCBI for other 371 sugarcane phytoplasmas, there are at least 10 nucleotide differences between both of them 372 and any other sequences over a sequences length of 203 nucleotides, suggesting the 373 sequences should be treated with caution. Similarly, a re-examination of many of the databases and those cited in papers and not deposited in reference databases.
380
The 16S-23S rRNA intergenic spacer region was also used in the study of Nasare and 381
Yadav (2007) where it was found that the phytoplasma isolates associated with grassy shoot 382 and whiteleaf symptoms shared the same sequences, except for two samples, DQ380342 and 383 DQ380343, which produced the same phenotypic symptoms but quite different sequences (79 384 and 84% identity with other SCGS sequences). It has been recognized that phylogenetic 385 analyses based on the 16S-23S region can be problematic, since this region is under few or no 386 evolutionary constraints, and may therefore be highly variable both within and between MLST analysis in that they have conserved regions for design of primers that work on a 392 broad range of phytoplasma phylogenetic groups, combined with discriminatory sequences 393 between these primers.
394
Since SCGS and SCWL appear to be caused by the same phytoplasma, there must be 395 other reasons to account for the different symptoms. It has been suggested that some 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 research is clearly needed to determine how the same phytoplasma can be associated with 408 different symptoms in a plant host species, and also on how different phytoplasmas can be 409 associated with the same symptoms.
410
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